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ABSTRACT 
The 1994 Northridge earthquake (Mw=6.7, ML=6.4), southern California produced a 100-foot thick, 3,000-foot linear zone of fractures 
interpreted as a spalled slab near the crest of a ridge in the Simi Hills, 7 miles northwest of the epicenter. The strike and dip of the 
slab parallel the strike of the ridge and the dip of the topographic slope, respectively. The fractures cut across bedding and joint 
planes. 
An analytical model based on earthquake-induced stresses is used to describe the mechanism of spalling. Earthquake-induced tensile 
stresses are related to (I) propagation direction of the wavefront, (2) peak particle velocity, (3) reflection of the incident P-wave, and 
(4) converted P- and S-waves at a free surface. At the site, seismic raypaths were oriented perpendicular to the northwest-facing 
topographic slope. The calculated thickness of the spalled slab compared favorably with geologic observations. The calculated induced 
tensile stress at ground surface was -285 psi. The calculated induced stress equal to the tensile strength of the rock (-140 psi) occurs at a 
vertical depth of 1 10 feet and approximates the IOO-foot thickness of the spalled slab. The method may be used to assess the potential for 
spalling to occur at a site and to recommend set-back criteria for facilities. 
KEYWORDS 
Northridge earthquake, spalling, earthquake-induced stresses. 
1 .O INTRODUCTION 
Site investigations for a proposed industrial facility were 
conducted in the Simi Hills, California in the early 1970’s 
consisting of engineering geologic mapping, surface and 
borehole geophysical surveys, and geotechnical laboratory tests. 
After the 1994 Northridge earthquake, field observations at the 
site revealed earthquake-induced geologic effects: (1) a zone of 
fractures was observed near the top and along the southeast side 
of the ridge; the zone was interpreted as the up-slope outcrop of 
a spalled slab (Plate I), (2) down-slope displacement of residual 
soil, talus, and boulders, and (3) shattered ground along the top 
and on the northwest gentle slope of the ridge. 
This paper describes (I) the geology at the site, (2) the geologic 
effects of the earthquake, (3) the physical properties of the rocks 
determined from both geophysical surveys and laboratory tests, 
(4) the seismic properties of the earthquake, (5) a simple 
analytical model of earthquake-induced spalling of rock 
produced by incident compressional (P) waves oriented normal 
or oblique to a free surface, and (6) a qualitative description of 
spalling of unconsolidated soils at a soil/bedrock surface. The 
analytical results are compared with the observed geologic 
effects. This paper does not include an analysis of soil failure on 
sloping bedrock surfaces; quantitative analysis of soil failure on 
sloping rock surfaces appears elsewhere (e.g., Dezfulian and 
Seed. 1969). 
The mechanism described is based on unpublished investigations 
and analyses of spalled slabs produced by nuclear explosions at 
the Nevada Test Site (Cummings, 1964) and on the model 
described by Rinehart and Pearson (1954). The model is used to 
calculate the induced stresses produced by P-waves and peak 
particle velocity (VP ); it can accommodate any angle of 
incidence and any slope angle of the free surface. The model 
assumes that rocks behave elastically; failure results when the 
induced stress in tension reaches or exceeds the tensile strength 
of the rock. More sophisticated mathematical models are 
available but they require detailed knowledge of site-specific 
behavior of seismic waves. 
Many geologists and geotechnical engineers consider 
earthquake-induced spalling to occur at vertical or near-vertical 
free surfaces. The mechanism of spalling does not require 
vertical or near-vertical free surfaces but can occur nearly 
parallel to a free surface regardless of its orientation. The 











plate 1. Stereo pair of photographs showing spall*actures (N5O”E), prominent joint (N50’W). and weaker joint (N). Spa11 (tensile) 
fractures do not oHset joints. Scale (cm) shown on Brunton compass. 
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analytical method may be used as a basis to recommend set back 
criteria for roads, buildings, and utilities where earthquake- 
induced spalling might be expected to occur. 
2.0 GENERAL GEOLOGIC CONDITIONS AT SITE 
2.1. General Geology 
The site is at and near the top of a northeast-trending ridge in the 
Simi Hills, 27 miles west-northwest of Los Angeles, California 
(Fig. IA). Topographic relief at the site ranges from 800 feet to 
1,300 feet; the top of the ridge is nearly flat (Fig. IB). Two 
distinct slopes occur along the northwest side of the ridge: a 20” 
to 25” upper slope that merges with a slightly steeper 25” to 30” 
lower slope. Bedrock (Cretaceous Chatsworth Formation) 
consists of well-indurated sandstone and conglomerate that 
strikes N60”E and dips 35”NW. Boundaries between sandstone 
beds are not planes of weakness. Two joint sets are present: a 
prominent set (NSO’W, 850NE) and weaker set (N, 90’). The 
joints are open (0.02 to 0.1 inch) and do not show evidence of 
mineral infilling. Two faults are present near the site. A vertical 
north-south fault, east side down, occurs 1,000 feet to the east. 
Intersecting this fault at its northern end is an east-west fault, dip 
8O”N, north side down. The amount of offset along these faults 
could not be determined because of the absence of well-defined 
lithologic criteria. 
2.2. Earthquake-Induced Geologic Effects 
2.2.1. Geologic Effects. In the vicinity of the site, the 1994 
Northridge earthquake induced rock falls, landslides, and other 
slope failures (Barrows and others, 1995; Rau and others, 1994; 
Harp and Jibson, 1995). All of these reported failures were at or 
near the base of steep slopes; none of the reports describes rock 
or soil failures at the site. One landslide near the subject site is 
reported to have failed along intersecting joint planes (Rau and 
others, 1994); this landslide is not the one described by Weber 
and others (I 973). 
Post-earthquake geologic mapping by the author confirmed that 
earthquake-induced landslides did not occur at the site. Boulders 
and cobbles were dislodged; residual soil and talus were 
displaced along the slopes. Locally, shattered ground occurred 
randomly along the northwest-facing slopes and near the top of 
the ridge. Locally, blocks bounded by joint sets were 
incorporated in shattered ground. No evidence of shearing was 
observed along joint planes. Neither of the faults nearby showed 
evidence of renewed displacement. 
2.2.2. Spalled Slab; Characteristics of Spalled Slab. Field 
observations indicate the 3,000-foot long linear fracture zone, 
5 to 30 feet wide, consists of tensile fractures (Fig. IB). This 
zone was not present during the author’s initial detailed 
engineering geologic investigation, either at ground surface, 
Fig. 1 (A) Location map and epicenter of I994 Northridge earthquake. (B) Site map; outcrop of’spalled zone; locations of cross-sectio~. 
(C) Detail ofspalled slab. (0) Generalized geologic cross-sections. 
A thin veneer of residual soil overlies bedrock on the ridge crest or in the geologic descriptions of the borehole logs, or in the 
but is about 2 feet thick along the northwest-facing slopes. data from the geophysical logs. Evidence of shearing (e.g., 
Isolated boulders, slope wash, and talus are present on the slopes. polished surfaces, slickensides, plume structures) is absent along 
Landslides are not present at the site. About 1.5 miles northeast individual fracture planes in the zone. Pre-existing joint and 
of the site, a small landslide was mapped by Weber, and others bedding planes are not offset by the fractures (Plate I) and the 
(1973). Groundwater was encountered in borings 250 feet below fractures do not cut through individual mineral grains, further 
the top of the ridge during the initial investigation. suggesting the fractures were formed by tension. [(Shear 
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fractures would tend to cut across individual grains) Price, 
1966)]. The system of fractures was interpreted geologically as 
the up-slope outcrop of a spalled slab. 
In detail, the zone consists of discontinuous, en echelon, smaller, 
discrete, sub-parallel sets of fracture zones ranging from 5 to IO 
feet long and 1 to 2 feet wide (Fig. 1C). The sets are not 
connected by cross fractures. The strike of individual fractures 
ranges from N45”E to N50”E and the dip ranges from 2O”NW to 
3OWW, essentially parallel to the topographic slope (Fig. 1D). 
Fractures produced by a stress pulse differ from those produced 
under tectonic conditions for two primary reasons. (I) Fractures 
produced by a stress pulse develop in a very short period of time; 
the duration of the induced stress is much shorter than that 
produced by tectonic stresses. For the subject site, the duration 
of the pressure pulse in the spalling process was 0.025 seconds 
(Section 4.7.2). The propagation velocity of the developing 
fracture is considerably slower than the propagation velocity of 
the stress pulse. A pulse of short duration passes an’area rapidly 
and the associated induced stress quickly drops below the tensile 
strength of the rock. The short duration of the induced stress 
does not allow the fractures to grow and to join with adjacent 
fractures, thereby inhibiting their growth into long fractures. As 
a result, a large number of separate short fractures are formed. 
This process explains the observed presence of many individual 
fractures with short lengths. (2) For a pulse of short duration, 
only a small volume of rock is subjected to stress per unit time. 
As a result, fractures develop in different areas and are 
independent of fractures formed in surrounding areas. This 
process explains the small, discontinuous fracture sets and the en 
echelon character of the zones. 
Geologic mapping was done along the northwest-facing slope to 
search for evidence of spalling related to the lower slope. No 
evidence of spalling was observed because of limited rock 
outcrop, dense vegetation, and a blanket of residual soil and 
slope wash. However, there is no geologic reason to think that a 
spalled slab should not have occurred. 
Geologic data are not available to confirm the down-dip 
presence of the slab under the slope, but the analyses presented 
in Sections 4.6 and 4.7 imply that it may underlie much of the 
northwest-facing slope. Projecting the dip of the spalled fracture 
zone from its outcrop (Fig. 1D) shows that the zone would not 
daylight along the slopes. At depth, the spalled slab may (I) be a 
uniform zone that remains parallel to the slope (Fig. 2A) or 
I (2) intersect a dipping plane of weakness (bedding plane); the 
weak plane would carry the slab by shearing toward the free 
surface of the slope (Fig. 2B). 
The geometric relations of the beds, the joints, and the spalled 
slab (Fig. 3) show that the spalled slab cuts across bedding and 
joint planes indicating that pre-existing planes of weakness did 
not control the development of the spalled slab. 
2.2.3. Spalled Slab and Shattered Ground. The geologic 
characteristics of the spalled slab differ from those of shattered 
ground. Individual spalled slabs are constrained and laterally 
Fig, 2 Two possible conjigmtions of .spalled slabs. (A) Slab is 
parallel to free surface. (B) Slab intersected by planes of 
weakness (e.g., bedding pbnes) 
Fig. 3 Equal area (Wul@ ster:eonet; bedding plane, two joint 
sets, and spalled slab. 
continuous. They crop out essentially parallel to and only on the 
southeast side of the ridge. They maintain a relatively consistent 
width of fracturing, maintain internal geometric uniformity of the 
fractures, and cut across bedding and joint planes. In contrast, 
areas of shattered ground are relatively small, irregular in size 
and shape. discontinuous, and occur primarily on the top and 
northwest side of the ridge. The existing joints controlled 
individual blocks of rock within the shattered ground. 
The mechanism of forming shattered groung is not addressed in 
this paper. Its origin probably is not the same as that of spalling 
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but likely is more closely related to the mechanism of upthrow. 
Upthrow, the seismically induced vertical separation of objects 
from ground level, appears to be caused by vertical shaking of 
the ground. Allen and others (1998) suggest that upthrow in the 
near field may be related to a long period pulse of high vertical 
acceleration. McNeil1 (1983) suggests that upthrow is related to 
shear wave velocity with high frequencies. Bolt (1978) and Bolt 
and Hansen (1977) indicate that a significant proportion of 
apparent vertical motions and offsets can be explained by 
rocking and rotation developed by horizontal accelerations of 
seismic waves. Newmark (1973) suggests that vertical seismic 
ground acceleration through soft ground would be amplified to 
produce upthrow of rocks. 
A 
topographic. slope 
at site N 
Strike of ridge N45E 
epicenter 
\ , 7 mi, S45E of site 
I 
:;;$L 
focal depth, 10 miles 
B 
3.0 NORTHRlDGE EARTHQUAKE, JANUARY 17,1994 
The 1994 Northridge earthquake (Mw=6.7, ML=6.4, M,=l.2x106 
dyne-cm) occurred on a south-southwest dipping fault, thrust 
toward the north-northwest (Hauksson, 1995). Its epicenter was 
20 miles WNW of Los Angeles, and 7 miles 45”SE of the site 
(Stewart and others, 1994) (Fig. IA). Based on regional and 
local seismic data, fault rupture started about 10 miles below 
ground surface (focal depth) and propagated (thrust) northward 
along the 45”SE dip of the fault plane to about 2.7 miles below 
ground surface (Romanowicz, Thomas, and Bray, 1994). The 
first focal mechanism of the main shock showed one nodal plane 
to strike N75”W, dip 35”SW, and rake 100”. 
The subject site did not contain strong motion instruments. The 
seismic data used in this paper were obtained from (I) oral 
communications with personnel from the U. S. Geological 
Survey, (2) published reports, and (3) seismic data recorded on 
rock sites nearby and extrapolated to the site. Peak horizontal 
and vertical acceleration on rock at the site were estimated to be 
0.5g and 0.3g, respectively (Chang and others, 1994; Wentworth 
and others, 1994); frequency of the P-wave was 20 Hz (USGS, 
oral comm., 1998); Mercalli Intensity was VIII (Dewey, 
Dengler, Reagor, and Moley, 1995). 
Distance (miles) 
Fig. 4 Direction of raypath from hypocenter lo site. (A) Map 
view showing rqparh normal to slrihze of ridge. (B) Cross- 
section showing rqpath normal to slope of ridge. 
4.0 EARTHQUAKE-INDUCED SPALLMG MECHANISM 
3.1. Geometric Relation of Seismic Raypaths to Slopes at Site 4. I. Simplifying Assumptions 
Raypaths propagating N45”W from the hypocenter would be 
oriented perpendicular to the N45’E strike of the ridge (Fig. 4A) 
and nearly perpendicular to the slope angles of the upper and 
lower topographic slopes (Fig. 4B). Thus, the slopes would be 
vulnerable to high seismic stresses produced by the incident P- 
waves. At the site, these general geometric relations of the 
waves to the slope are modified and become complex by wave 
interference, site amplification, focussing, directivity, and 
complex wave conversions; all of these modifications affect the 
seismically induced stress at the site. Nevertheless, the proposed 
simple model of spalling provides a reasonable approximation of 
the general behavior of seismic waves at the site and the results 
of the analysis appear to be consistent with the geologic 
observations. 
The data used in this analysis are site-specific and from the 
Northridge earthquake; the general approach is probably 
applicable elsewhere with the use of site-specific data. The 
proposed mechanism of earthquake-induced spalling assumes 
the rocks are isotropic, homogeneous, and behave according to 
the Theory of Elasticity; the Griffith Theory of fracture is 
assumed to be applicable. Brittle failure of rock occurs at low 
lithostatic pressures (near ground surface) and at high strain 
rates. Earthquake-induced spalling near a free surface is 
produced by tensile stresses resulting from the interaction of (1) 
incident P-waves, (2) reflections and conversions of the incident 
P-wave, and (3) associated peak particle velocity. Spalling 
occurs when the stresses equal or exceed the tensile strength of 
the rock. 
raypath direction 
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The simple mechanism does not incorporate other seismic 
properties of engineering interest such as duration of strong 
ground shaking, directivity, focussing, interference of waves, 
partitioning, complex paths, and other conversions of seismic 
waves. Such complexity may be caused by subsurface 
heterogeneity either at the site or along the propagation path. 
These seismic properties are generally controlled by the 
earthquake mechanism, distance of the earthquake from the site, 
geology along the path of propagating waves, and detailed 
geologic conditions at the site. The observed distress at the site 
is a manifestation of these combined complex geologic and 
seismic conditions. 
Groundwater is 250 feet below ground surface; it is not a 
confined zone and occurs below the depth of spalling. 
Groundwater flow is through fractures and probably would not 
influence spalling at the site. Pore water pressure is not a factor 
in the present analysis. 
Other simplifying assumptions are cited elsewhere in the text 
where they have specific relevance. 
4.2. Tensile Fractures 
Tensile fractures develop perpendicular to the tensile stress 
(more appropriately, perpendicular to the least principal stress or 
to the direction of extension) and require low levels of stress to 
form. Once formed, fracture propagation is relatively rapid. The 
depth to which tensile fractures can propagate is constrained by 
the stress concentration at the front of the propagating crack. 
Earthquake-induced stresses decrease with depth for two primary 
reasons. (1) The peak particle values of acceleration, velocity, 
and displacement decrease with depth. Peak particle velocity 
ratios (ground:subsurface) are 1.0:0.91 at a depth of 50 feet and 
l.O:O. 17 at a depth of 600 feet (Kanai and Tanaka. 195 I ; 
lwasaki and others, 1977; Dowding, 1978; Vortman and Long, 
1982a, b). (2) Lithostatic pressures increase with depth at about 
1 psi/t? of overburden and decreases the earthquake-induced 
stress with depth. Both types of decreases in stress were 
incorporated in the analysis. 
4.3. Components of Analysis 
Seismic design considerations commonly use values of 
acceleration, velocity, displacement, and frequency. All of these 
seismic properties may not be required for analysis of spalling. 
Only velocity is used because it is a measure of energy and 
probably provides a better measure of potential damage than 
other seismic properties (Weapons Effects Laboratory, U. S. 
Army Corps of Engineers, 1978; Newmark and Hall, 1982). The 
analysis incorporates (1) density, Poisson’s ratio, and tensile 
strength of the rocks; (2) velocity and properties of the P-wave: 
(3) peak particle velocity; (4) propagation direction of the 
raypath from the hypocenter to the site; (5) orientation of the 
raypath with respect to the free surface; and (6) geologic _ 
conditions at the site. These parameters are used to assess the 
development of the spalled slab, the thickness of the slab, and the 
potential for additional slabs to occur. The sign convention for 
tension is (-) and for compression is (+). 
4.4. Elastic Properties of the Rocks 
Rock properties were determined from (1) in-situ measurements 
using surface and borehole geophysical data and (2) laboratory 
tests; both sets of data agreed to within 10%. Velocities were 
determined from surface seismic surveys and borehole 
geophysical logs. Density and Poisson’s ratio were determined 
from geophysical logs and laboratory tests. Tensile strength was 
determined from laboratory tests. Shear Modulus, Young’s 
Modulus, and other rock properties were determined ti-om 
geophysical logs and laboratory tests, but they are not used in 
this analysis because they are not needed. The average values 
used in the analysis are: 
Compression wave velocity (p,,) . ..2.400 m/set . 8,000 ft/sec. 
Shear wave velocity (s,.) . . . . . . 1,500 m/set . . . . . 4,900 ft/sec. 
Density (p) . . . . . . . . . . . . . . . . . 2.0 gm/cu.cm . . . 125 Ibs/cu.ft. 
Poisson’s ratio (V) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.20. 
Tensile strength(T) . . . . . . . . . . . . . . . . . . . . -10 kg/sq.cm . . . . . . -140 psi. 
4.5. Particle Velocity and Velocitv of Propagation of 
Earthquake’s Compressional Waves 
Particle velocity of a compressional wave is in the same 
direction as the wave’s propagation, but it is not the same as the 
propagation velocity. At the site, peak particle velocity was 
about 1.6 in/set, corresponding to a peak horizontal acceleration 
of 0.5g. 
Velocity of propagation is assumed to be independent of the 
wave’s amplitude provided the elastic constants and density do 
not change as the level of stress changes. In reality, as the wave 
passes through the rocks, its velocity produces elastic 
disturbances that change the stress in the media, which in turn 
change the elastic constants and the velocity. For this analysis, 
independence and constancy are assumed for the amplitude of 
the wave, the elastic constants, and the density. 
4.6. Reflection of Incident Compressional Wave at Free Surface 
and Anale of Emergence 
The geometry of the incident and reflected wavefi-onts is shown 
on Fig. 5A (Pearson and Rinehart, 1953, mod.): (1) the incident 
wavefront of the compressional P-wave, with angle CY ; (2) the 
wavefront of the reflected tensile P-wave, with angle a’; (3) the 
wavefront of the converted reflected S-wave, with angle p ; and 
(4) the angle of the refracted P-wave, with angle y . For a 
specific angle of incidence, the angle of emergence decreases 
with higher values of Poisson’s ratio, 
L’ - sina - P 2(1 -v) 
s,. sin p d 2(1- 2v) 
For the subject site, the ratio is about I .63. 
(1) 









Fig. 5 Relation of wavefronts and particle velocities. (A) 
incident, reflected, and refracted wavefronts at boundary 
between two rocks with dyferent properties. (B) Particle 
velocities related to incident and reflected P-wave, reflected S- 
wave, and angle of emergence. 
The angle of emergence, 6, of particle velocity at the free 
surface is approximately twice the angle of the reflected shear 
wave, 6 x 2p (Fig. SB). The angle of emergence and 
magnitude of particle motion (Fig. 5B) are related to the particle 
velocity and can be determined by summing the vector 
components of all three waves (Pearson and Rinehart, 1953), 
=vpx 
6 = tan-’ - 
= VP,” ’ 
(2) 
where cvpr is the vector sum of the particle velocities of the 
three waves in the plane of the free surface, and cb’,+ is the 
vector sum of the three waves perpendicular to the free surface. 
When the incident P-wave meets the free surface, the particle 
motion appears as a surface wave and can be applied to analyze 
spalling of soils at a soil/bedrock interference (Section 4.8). 
4.6.1. Pressure Pulse. Reflection of a P-wave at a free surface 
produces tensile stresses in the rocks. Tensile fractures develop 
when the tensile stress equals or exceeds the tensile strength of 
the rock. This fracture becomes a new free surface. Subsequent 
waves that come into contact with this new free surface can 
produce additional tensile fractures provided the induced stresses 
are appropriate. 
Consider a P-wave as a compressional pulse with a wavelength, 
A, (Fig. 6A) that comes in contact with a free surface (Fig. 6B 
and Fig. 6C). As the compressional pressure pulse is reflected, it 
produces a tensile stress (Fig. 6D). The amount of tensile stress 
(distance AB, Fig. 6D) increases to its maximum value at the 
peak amplitude. The wavelength can be determined from the P- 


















Fig. 6 Compressionql wave at free surjace. (A) General 
waveform. (B) Pressure pulse approaching free surfuce. (C) 
A4aximum amplitude of compressional pulse at free surface. (D) 
Wave reflected as a tensile stress (AB). 
4.7. Earthquake-Induced Stress and Strain at Site 
The maximum stress ( urnax ) at the head of the pulse induced by 
an earthquake’s compressional wave can be estimated (Kolsky, 
1953; Vomnan, 1983): 
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where VP = particle velocity of the P-wave; p = density; and 
P,, = P-wave velocity. At the site, the maximum earthquake- 
induced tensile stress is about -285 psi. 
The total induced stress, g,,,, , at the free surface is the product 
of the stresses produced by: (1) the incident P-wave, cri, (2) the 
reflected P-wave, or, (3) the reflected S-wave, T, , and are 
related by a reflection coefficient, R: 
~ror = 0, +o,, (5) 
or = Ra,, (54 
T, = [(R + 1) cot 2/i&~,, and (5b) 
R=[(tan ptan’2p)- tana] 
[(tan p tan * 2p) + tan a] ’ 
(5c) 
The strain, E, , in the direction of the incident P-wave pressure 
pulse can be calculated from the particle velocity and the P-wave 
velocity, 
(54 
The calculated strain at the site is 1.6~10”. 
4.7.1. Modification of Stress Pulse with Depth. The tensile 
strength of the rock is T=-140 psi. The relation of the pressure 
pulse with depth is shown on Fig. 7A. The maximum value of 
the pressure pulse occurs at or near ground surface (-285 psi, 
point A) and at the raypath’s angle of incidence normal to the 
free surface. Curve AB assumes that the maximum tensile stress 
remains constant with depth. However, the induced stress is 
influenced by (1) a decrease of the peak particle velocity with 
depth and (2) an increase of the lithostatic pressure with depth; 
as a result, curve AB shifts to the right. Curve AC depicts the 
influence of the decrease of particle velocity with depth 
superposed on curve AB and curve AD depicts the influence of 
the increase in lithostatic pressure with depth superposed .on 
Curve AC. Stored residual tectonic stresses can be incorporated 
if they are known or can be estimated, but they would be small 
compared to the other stresses. 
The modified maximum induced tensile pressure pulse (Curve 
AD) intersects the tensile strength of the rock (T=-140 psi) at a 
vertical depth of 1 IO feet. Tensile fractures probably would not 
develop deeper than about 110 feet. The analytical results are 
consistent with the geologic field observations of the spalled slab 
(Section 2.2.2. and Fig. 1). Extrapolation of the dip of the 
fracture zone observed in outcrop (Fig. I) shows that the spalled 
slab would be about 110 feet vertically below the slope and with 
a thickness of about 100 feet (Section 4.7.2.). The fully modified 
stress pulse for T=-140 psi (Curve AD, Fig. 7A) is plotted as a 
function of depth and angle of incidence to the topographic slope 
(Fig. 7B). Tensile fractures can occur in the depth-stress area 
shown as the shaded area. An angle of incidence less than 75” 
should not produce spalling for the conditions specified in the 
analysis. 
A Pressure (psi) 
-300 -200 -100 
Angle of Incidence 0 
a5 80 75 
Fig. 7 Modijcation of stress pulse with depth. (A) Rock’s tensile strength plotted at T=- I40 psi. Maximum induced tensile stress (-285 psi, 
point A) occurs at ground surface and at raypath’s angle of incidence normal to the free surface. Curve AB assumes that the maximum 
value is constant with depth. However, the maximum induced stress decreases with depth be use of (I) the decrease in particle veloci@ 
with depth and (2) the increase in lithostatic pressure with depth. (B), Fully mod$ed stress p plotted as a finction of depth and angle 
of incidence. 
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At the site, the influence of groundwater probably is not a factor 
because it occurs at a depth of 250 feet, about 150 feet below the 
depth of tensile fractures (spalled slab). In the 150 feet above the 
water table, the influence of capillary water, or of hygroscopic 
water (water held by molecular attraction), or from similar non- 
saturated conditions are not influencing factors. If groundwater 
exists and is confined, excess pore pressure may develop from 
the induced seismic stresses. Water in jointed rock near the 
surface would probably migrate using the path of least resistance 
(through open joints) minimizing the effects of excess pressure. 
If shear stresses would be a dominant factor at the site, then the 
influence of excess pore pressure becomes important and should 
be considered. 
4.7.2. Thickness of Spalled Slab; Duration of Stress Pulse. 
Thickness, th, of a spalled slab may be calculated using the 
modifications of peak particle velocity and lithostatic pressure 
(Fig. 6D; Fig. 7), 
th= %[(- T VI. 
0 l”XX 
(6) 
The calculated thickness of the spalled slab for the upper slope is 
about 100 feet, consistent with field observations (Fig. I). The 
thickness of the slab for the lower slope would be about 80 feet. 
More than one slab can occur if subsequent wave pulses produce 
tensile stresses equal to or greater than the tensile strength of the 
rock. Because the first spalled face acts as a free surface, 
subsequent spalled slabs would occur behind it. Subsequent 
waves may have different wavelengths and maximum stresses; 
equation (6) can be used to calculate the thickness of the new 
spalled slab(s). 
When spalling occurs, the momentum trapped in the slab 
corresponds to a portion of the pulse twice the thickness of the 
slab; one-half the thickness of the slab traps all the momentum. 
This physical condition provides a method for calculating the 
duration of the pulse in the spalling process. For the IOO-foot 
thickness of the slab and P-wave velocity of 8,000 ft/sec., the 
duration is 0.025 sec. { [(2)(100 fi)]/(SOOO fi sec“)=0.025 sec.}; 
the spalling process occurred during a short period of time. 
4.8. Spalling of Soils at Interface With Bedrock 
Most analyses of seismically induced failures in soil slopes 
(unconsolidated soils, weakly or moderately cemented soils, or 
compacted engineered fills) generally consider failure to occur 
by shear along arcuate or planar failure surfaces. Tension cracks 
can develop along the top of these slopes (Ashford and Sitar, 
1994), but these tension cracks are related to the down-slope 
movement of soils and not to the seismically induced stresses. 
Analyses commonly include vertically propagating P-waves, or 
horizontally and vertically polarized S-waves. One approach for 
analyzing earthquake-induced failures of soils on steep slopes 
uses a generalized hyperelement method (Ashford and Sitar, 
1994); other approaches use finite element or strain models. 
The model described in this paper, especially Section 4.6, may 
be used to assess the behavior of soil (unconsolidated materials, 
talus, engineered buttress fills) spalled at a soil/bedrock interface 
on a slope. The seismic values calculated for ground surface can 
be used; the modifying influences (Section 4.7) likely are not 
important at or near ground surface. 
The soil blanket may separate (spall) from the soil/rock interface 
in response to the induced seismic stresses. However, soils are 
not capable of supporting tension. Individual soil particles 
would be dislodged at the interface (Fig. 8); the velocity and 
direction of dislodged soil particles at the interface may be 
determined from the equations. As soon as the soil particles are 
dislodged, they interact with surrounding soil particles, their 
velocity decreases through collisions, and their paths become 
irregular. Each soil particle at the interface absorbs some of the 




Fig. 8 Pressure pulse at soil/rock interjbce. Pressure 
imparts stress to soil particles ut rest causing them 
disturbed 
4.9. Implications for Geotechnical Design Considerations 
pulse 
to be 
At the subject site, geologic mapping and analyses indicate that 
the fracture zone is not exposed at the base of the ridge. 
However, the zone contains planes of weakness that extends 
beneath the slope. Excavations into the base of the slope may 
expose these planes of weakness. Such excavations may induce 
instability because the zone and the individual planes within the 
zone are potential failure planes. The fracture zone is also a zone 
of permeability essentially parallel to the northwest-facing 
topographic slope; infiltrating water could accumulate, resulting 
in a zone of perched water. 
In general, the analytical method may be used to estimate 
locations and thickness of potential spalled slabs by using (1) 
site-specific rock properties, both from laboratory tests and field 
geophysical measurements; and (2) expected seismic properties 
from a design earthquake, attenuated to the site. Engineering 
geologic recommendations to geotechnical design can be made 
for set-back distances from a free surface for facilities, utilities, 
and roads. 
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5.0 CONCLUSIONS 
An earthquake-induced fracture zone, interpreted as a spalled 
slab, was identified on a ridge located 7 miles northwest of the 
epicenter of the 1994 Northridge Earthquake. The fracture zone 
cuts across bedding and joint planes, indicating that spalling was 
not controlled by pre-existing planes of weakness. 
The method used to analyze the development of the slab 
includes: (1) tensile strength of the rock, (2) earthquake-induced 
stresses formed by the incident P-waves, (3) reflected P-waves 
and converted P- and S-waves, (4) peak particle velocity, and (5) 
direction of the wave’s raypath from the hypocenter to the site. 
Spalling occurs as seismic waves meet a free surface and induce 
tensile stresses that equal or exceed the tensile strength of the 
rock. 
For the subject site, the analyses included modifications of the 
maximum seismically induced stresses to account for the 
influence of (1) the increase in overburden pressure with depth, 
and (2) the decrease of peak particle velocity with depth. The 
calculated modified induced stress of -140 psi at a depth I 10 feet 
agrees with the observed thickness (I 00 feet) of the slab and the 
tensile strength of the rock (- 140 psi). 
Spalled slabs are commonly assumed to occur at vertical or near 
vertical free-surfaces such as cliffs or bluffs. One of the 
conclusions from this investigation is that spalled slabs can occur 
on fairly gentle slopes. 
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